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ABSTRACT
Subunits of the Rad9/Rad1/Hus1 (9-1-1) proliferating cell nuclear antigen (PNCA)-like sliding clamp
are required for DNA damage responses and telomerase-mediated telomere replication in the nematode
Caenorhabditis elegans. PCNA sliding clamps are loaded onto DNA by a replication factor C (RFC) clamp
loader. The C. elegans Rad17 RFC clamp loader homolog, hpr-17, functions in the same pathway as the 9-1-1
complex with regard to both the DNA damage response and telomerase-mediated telomere elongation.
Thus, hpr-17 defines an RFC-like complex that facilitates telomerase activity in vivo in C. elegans.
TELOMERES, the ends of linear chromosomes, aretypically composed of short repetitive sequences
that are G-rich on the strand that runs 59–39 to the chro-
mosome terminus (Blackburn and Gall 1978). Double-
stranded telomeric DNA terminates in 39 single-stranded
overhangs that can loop back and invade the telomere
duplex, forming a T-loop that may protect chromosome
ends from degradation and suppress DNA damage
signaling (Griffith et al. 1999; Karlseder et al. 1999).
Telomeric termini can shorten as a consequence of
nucleolytic degradation, oxidative damage, or incomplete
terminal replication by the lagging DNA strand synthesis
machinery. The loss of telomeric sequence can be com-
bated by telomerase, a ribonucleoprotein that adds telo-
mere repeats to chromosome termini de novo. A number
of proteins aside from the telomerase holoenzyme play
roles in telomere maintenance (Collins 2006). Some of
these proteins also respond to DNA damage, suggesting
dual roles in preserving the integrity of the genome
(d’Adda di Fagagna et al. 2004).
The Rad9/Rad1/Hus1 (9-1-1) proliferating cell nu-
clear antigen (PCNA)-like sliding clamp is an example
of a DNA damage response complex that interacts with
telomeres. The 9-1-1 complex was genetically identified
in yeast as being required for checkpoint control in re-
sponse to DNA damage (al-Khodairy and Carr 1992;
Rowley et al. 1992; Caspari et al. 2000). Deletion of
9-1-1 complex subunits in yeast also results in short,
stable telomeres (Dahlen et al. 1998; Longhese et al.
2000; Nakamura et al. 2002). Chromatin immuno-
precipitation analysis in Schizosaccharomyces pombe and
mammals indicates that the 9-1-1 complex interacts
with telomeric DNA (Nakamura et al. 2002; Francia
et al. 2006; Verdun and Karlseder 2006). Additionally,
in vitro telomerase activity was impaired by a mutation of
HUS1 in mouse cells and by RNAi-mediated knockdown
of HUS1 or RAD9 in human cells, suggesting that the
mammalian 9-1-1 complex may play a direct role in
telomere repeat addition (Francia et al. 2006; Pandita
et al. 2006; Verdun and Karlseder 2006). However,
mammalian cells deficient for RAD9, HUS1, or RAD1
are inviable and exhibit various chromosomal abnor-
malities, including a dramatic reduction in telomere
length (Weiss et al. 2000; Bao et al. 2004; Francia et al.
2006; Pandita et al. 2006). These severe effects preclude
genetic pathway analysis from the perspective of telo-
merase because they are strikingly different from the
comparatively mild telomere attrition observed when
telomerase is deficient (Feng et al. 1995). In contrast,
Caenorhabditis elegans 9-1-1 complex mutants are viable
and display progressive telomere shortening phenotypes
similar to those of telomerase mutants, allowing for ge-
netic pathway studies to be conducted (Meier et al. 2006).
Structural analysis of the yeast and mammalian 9-1-1
complex revealed that it resembles the PCNA sliding
clamp, which is a DNA polymerase processivity factor
that is loaded onto single-stranded DNA by a replication
factor C (RFC) polymerase clamp loader (Venclovas and
Thelen 2000; Griffith et al. 2002; Bermudez et al. 2003).
RFC clamp loaders are heteropentamers composed of
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four small constitutive subunits, RFC2–5, and one of four
large RFC-like subunits. Three RFC subunits participate
in both DNA metabolism and telomere maintenance:
Rad17, Ctf18, and Elg1 (Smolikov et al. 2004; Aroya
and Kupiec 2005; Hiraga et al. 2006). Rad17 defines the
large RFC subunit that can load the 9-1-1 PCNA-like
sliding clamp onto single-stranded DNA at sites of
damage (Volkmer and Karnitz 1999; Griffith et al.
2002; Bermudez et al. 2003; Majka and Burgers 2003;
Meister et al. 2003; Yang and Zou 2006). In yeast,
mutants deficient for Rad17 have short, stable telomeres.
In addition, Rad17 associates weakly with telomeric DNA
and has been suggested to act in the same telomere
maintenance pathway as the 9-1-1 complex (Dahlen et al.
1998; Longhese et al. 2000; Nakamura et al. 2002).
Given that Rad17 loads the 9-1-1 complex onto sites
of DNA damage in yeast and mammals (Volkmer and
Karnitz 1999; Bermudez et al. 2003; Yang and Zou
2006), and given that subunits of the 9-1-1 complex
are essential for telomere maintenance in C. elegans
(Ahmed and Hodgkin 2000; Hofmann et al. 2002), we
asked if the C. elegans Rad17 homolog, hpr-17, is re-
quired for the 9-1-1 complex to function during telo-
mere replication. Analysis of strains deficient for hpr-17
confirms that it functions in the same cell cycle arrest
and apoptotic DNA damage response pathways as the
C. elegans 9-1-1 complex subunits mrt-2 and hus-1. Addi-
tionally, HPR-17 acts in the same telomere maintenance
pathway as the 9-1-1 complex and facilitates telomerase-
mediated telomere replication.
hpr-17 mutants display DNA damage response de-
fects: The C. elegans Rad17 homolog, hpr-17, is predicted
to encode a protein that is orthologous to Rad17 pro-
teins ranging from yeast to mammals (data not shown).
The HPR-17 protein contains an AAA ATPase domain
(Figure 1A) that is essential for its ability to bind to DNA
in an ATP-dependent manner (Venclovas and Thelen
2000; Lindsey-Boltz et al. 2001; Bermudez et al. 2003;
Majka and Burgers 2003). tm1579 is a 738-bp deletion
in the C. elegans hpr-17 gene that is predicted to confer
an in-frame deletion that would eliminate 37 amino
acids of the HPR-17 protein product, including a sig-
nificant portion of the AAA ATPase domain, which may
abrogate conformational changes that facilitate loading
of the 9-1-1 complex onto single-stranded DNA (Figure
1A) (S. Mitani, personal communication). Strains ho-
mozygous for the hpr-17(tm1579) deletion were viable
but displayed a decrease in brood size and a weak high
incidence of males (Him) phenotype (data not shown).
XO males arise as a consequence of loss of an X chro-
mosome, suggesting a defect in chromosome stability
(Hodgkin et al. 1979). Similar chromosome instability
phenotypes have been observed for strains deficient for
C. elegans 9-1-1 complex subunits (Ahmed and Hodgkin
2000; Gartner et al. 2000; Ahmed et al. 2001; Hofmann
et al. 2002), with which hpr-17 is predicted to interact
(Boulton et al. 2002).
The C. elegans 9-1-1 complex mutants, mrt-2 and hus-1,
are highly sensitive to ionizing radiation (IR), which
causes various forms of DNA damage including double-
strand breaks (Ahmed and Hodgkin 2000; Hofmann
et al. 2002). A quantitative C. elegans assay for hypersen-
sitivity to IR involves irradiation of L4 larvae, which con-
tain many germ cells, and analysis of their progeny
for embryonic lethality that occurs as a consequence of
unrepaired DNA double-strand breaks and chromo-
some missegregation (Clejan et al. 2006). When subjected
to moderate doses of ionizing radiation, mrt-2, hus-1, and
hpr-17 strains displayed significant increases in levels
of embryonic lethality when compared with irradiated
wild-type controls (Figure 1B) (Ahmed and Hodgkin
2000; Ahmed et al. 2001; Hofmann et al. 2002). To de-
termine if the observed radiation hypersensitivity (Rad)
phenotype of the hpr-17 strain cosegregated with the hpr-
17(tm1579) deletion, three-factor crosses were conduc-
ted using rol-6 and unc-52 mutations, which map to 10.9
and 123.4 on chromosome II, respectively, and flank
the hpr-17 locus at 114.8 (Figure 1A). Twelve of 20 (60%)
Rol-non-Unc recombinants displayed the Rad pheno-
type, agreeing with an expected recombination fre-
quency of 65%. To further confirm that hpr-17 might
be responsible for the Rad phenotype of strains carrying
the tm1579 deletion, the hpr-17 gene was silenced in
germ cells of the N2 Bristol wild-type C. elegans strain by
cosuppression-mediated gene silencing. To accomplish
hpr-17 cosuppression, extrachromosomal arrays carry-
ing a high copy number of a PCR product correspond-
ing to the promoter and first 3.5 exons of hpr-17 (Figure
1A) were created in a wild-type background (Dernburg
et al. 2000), which should eliminate endogenous hpr-17
transcripts via a process that depends on components of
the RNAi machinery (Ketting and Plasterk 2000).
Germlines of wild-type strains carrying either of two inde-
pendent hpr-17 extrachromosomal arrays, ypEx3 or ypEx4,
displayed Rad phenotypes that mimicked those of the
hpr-17 deletion mutant (Figure 1C). Thus, cosuppression-
mediated gene silencing of hpr-17 and analysis of the
hpr-17 deletion tm1579 indicated that hpr-17 is required
for responding to ionizing radiation in C. elegans, in
agreement with a previously observed weak Rad pheno-
type induced by RNAi of hpr-17 and with a genomewide
RNAi screen that suggested that hpr-17 may play a role
in ensuring genome stability (Boulton et al. 2002;
Pothof et al. 2003).
To determine if hpr-17 and subunits of the 9-1-1 com-
plex act in the same pathway to facilitate the response to
IR, double mutants were constructed. Progeny of IR-
treated L4 larvae of hus-1 or mrt-2 single mutants and the
hus-1;mrt-2 double mutant displayed levels of embryonic
lethality that were not significantly different from one
another, which agrees with data that these genes may
physically interact (Boulton et al. 2002), that the HUS-1
protein is mislocalized in mrt-2 mutants (Hofmann et al.
2002), and with genetic and biochemical analysis of
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9-1-1 complex subunits in yeast and mammals (al-
Khodairy and Carr 1992; Rowley et al. 1992; Volkmer
and Karnitz 1999; Caspari et al. 2000; Griffith et al.
2002; Bermudez et al. 2003; Majka and Burgers 2003;
Meister et al. 2003; Yang and Zou 2006). Furthermore,
hpr-17 single mutants and hpr-17;mrt-2 and hus-1;hpr-17
double mutants displayed similar levels of radiation
hypersensitivity at the L4 stage, suggesting that they may
act in the same DNA damage response pathway (Figure
1B). Additive or synergistic effects on IR sensitivity would
have been expected if these mutations acted in different
DNA damage response pathways. To further confirm
these results, an irradiation assay was conducted using
L1 larvae, an early C. elegans larval stage that harbors few
germ cells. The dose at which L1 larvae of hpr-17, mrt-2,
or hus-1 single mutants, as well as those of all respective
double mutants, gave fully penetrating sterile pheno-
types was 60 Gy (Figure 1D). Thus, independent radia-
tion hypersensitivity assays using L1 or L4 larvae indicated
that the 9-1-1 complex and the hpr-17 clamp loader act
in the same DNA damage response pathway.
The 9-1-1 complex facilitates cell cycle arrest or apo-
ptotic responses to damaged DNA that can be observed
in C. elegans adult hermaphrodite germlines, which are
Figure 1.—hpr-17 mutants are hypersensitive to ionizing ra-
diation. (A) The C. elegans hpr-17 gene is located on chromo-
some II between rol-6 and unc-52. Boxes represent exons in a
schematic representation of the genomic structure of hpr-17.
Also shown are the locations of the AAA ATPase motif and the
tm1579 mutation. To confirm that the tm1579 deletion was re-
sponsible for the Rad phenotype hpr-17(tm1579) mutant her-
maphrodites were crossed with rol-6(e187),unc-52(e444)/1 males
and F2 Rol-non-Unc recombinants were isolated. F3 progeny
homozygous for each recombination event were tested for
hypersensitivity to IR and propagated to determine if they dis-
played end-to-end chromosome fusion-mediated sterility.
Additionally, arrows on the schematic indicate the location
of PCR primers used to create the gene fragment for cosup-
pression-mediated gene silencing. The hpr-17 cosuppression
PCR product includes the promoter region and five exons
of a neighboring gene, F32A11.1. RNAi knockdown of
F32A11.1 results in embryonic lethality and maternal-effect
sterility (Maeda et al. 2001; Sonnichsen et al. 2005). Although
some lethality was observed, this is consistent with reports of
other 9-1-1 complex subunits (Hofmann et al. 2002), and the
hpr-17 cosuppression strains did not display maternal-effect
sterility. Thus, expression of F32A11.1 is unlikely to be signif-
icantly affected in hpr-17 cosuppression strains. (B) Average
levels of embryonic lethality (6SD) in response to different
doses of IR for four independent lines of hpr-17(tm1579),
mrt-2(e2663), and hus-1(op244) and their respective double mu-
tants. To construct double mutants, standard genetic crosses
were conducted utilizing visible markers adjacent to or flank-
ing each gene: rol-6(e187),unc-52(e444) for hpr-17(tm1579);
unc-11(e47) for hus-1(op244); dpy-18(e364),unc-64(e246) for
mrt-2(e2663). Visible markers were selected against and the
genotypes of all homozygous double-mutant lines were con-
firmed via PCR. The L4 assay was performed as previously de-
scribed (Ahmed and Hodgkin 2000). (C) Cosuppression lines,
ypEx3 and ypEx4, display the same levels of embryonic lethality
as hpr-17 in response to IR, whereas their non-Rol siblings, lack-
ing the extrachromosomal arrays, mimic wild type. Averages of
two independent experiments 6SD are shown. For cosuppres-
sion, PCR with primers hpr17cr (GCACACGAGAACGATTTTT
CAAGC) and hpr17cf (ATCGCCTCCAGCTTCCTCTCC) was
performed using N2 genomic DNA as a template. Mixtures
of 24 ng/ml of rol-6 plasmid pCes1943 and 4 ng/ml of hpr-17
PCR product were injected into N2 Bristol wild-type hermaph-
rodites. Rol and non-Rol siblings for two independent lines
{ypEx3 [hpr-17 rol-6(su1006)] and ypEx4 [hpr-17 rol-6(su1006)]}
were propagated in parallel and tested for IR hypersensitivity,
progressive sterility, and the presence of end-to-end chromo-
some fusions. (D) Germline sterility in response to increasing
doses of IR for hpr-17(tm1279), mrt-2(e2663), and hus-1(op244)
single mutants and their respective double mutants. Ten plates
with pools of L1 larvae were tested for sterility and averages for
two independent mutant lines per strain are shown. For L1 as-
says, six L1 larvae were picked to a single NGM plate, irradiated
at the indicated dose, and scored for complete sterility after 1
week. Gamma irradiation was performed in a Shepherd Marc
IV Cs137 irradiator at a dose rate of 430 Rad/min.
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composed of mitotic cells and cells at various stages of
meiosis and gametogenesis. In wild-type C. elegans her-
maphrodites, at a given moment, germ cells in the late
pachytene stage of meiosis display a low level of apo-
ptosis, which increases three- to fourfold in response to
high doses of IR (Figure 2A) (Gartner et al. 2000). mrt-2,
hus-1, and hpr-17 mutants failed to initiate an apoptotic
response to gamma irradiation (Figure 2A and data not
shown) (Gartner et al. 2000; Hofmann et al. 2002), as
previously suggested by a weak apoptosis defect ob-
served upon RNAi of C. elegans hpr-17 (Boulton et al.
2002). We observed a complete apoptosis defect for hpr-
17, as expected if it functioned in the same DNA damage
signaling pathway as the 9-1-1 complex. In wild-type
germlines, cell cycle arrest occurs in mitotic germ cells
in response to IR or to the ribonucleotide reductase in-
hibitor hydroxyurea (HU) (Gartner et al. 2000; Ahmed
et al. 2001). The magnitude of a cell cycle arrest defect
can be assessed by quantifying the relative change in the
number of mitotic germ cells in response to genotoxic
stress (Gartner et al. 2004), and additive effects can be
observed in double mutants that function in different
cell cycle arrest pathways. In response to IR or HU, mrt-2,
hus-1, and hpr-17 single mutants and hpr-17;mrt-2, hus-
1;hpr-17, and hus-1;mrt-2 double mutants displayed cell
cycle arrest defects that were significantly different from
wild type (P , 0.01 and P , 0.04 for IR and HU treat-
ment, respectively) but not from one another (Figure
2B). Our genetic studies indicate that the C. elegans
Rad17 homolog may function in the same pathway as
the 9-1-1 complex with regard to repair of IR-induced
DNA double-strand breaks (Figure 1) and with regard to
eliciting cell cycle arrest or apoptosis upon genotoxic
stress (Figure 2). Thus, Rad17 may act via the 9-1-1
complex to initiate similar DNA damage signaling re-
sponses in vertebrates (Weiss et al. 2003; Kobayashi
et al. 2004).
HPR-17 may facilitate telomerase activity at telomeres:
Aside from their role in responding to DNA damage,
subunits of the C. elegans 9-1-1 complex are required to
maintain telomere length (Ahmed and Hodgkin 2000;
Hofmann et al. 2002). As these mutants are propagated
for multiple generations, fertility decreases as a conse-
quence of telomere erosion and the formation of end-
to-end chromosome fusions, which result in aneuploidy
and sterility (Ahmed and Hodgkin 2000; Hofmann
et al. 2002). Propagation of hpr-17 mutants for multiple
generations resulted in progressive sterility (data not
shown). In contrast to the normal complement of six
bivalents observed in wild-type oocytes, chromosomes of
late-generation hpr-17 oocytes had fused together, as
observed in late-generation mrt-2, hus-1, or trt-1 mutants
(Figure 3A and data not shown) (Ahmed and Hodgkin
2000; Hofmann et al. 2002; Meier et al. 2006). Thus,
fluorescence microscopy suggested that the progressive
sterility observed in hpr-17 mutants may occur as a con-
sequence of end-to-end chromosome fusions.
When X–autosome end-to-end chromosome fusions
are heterozygous, a dominant nondisjunction pheno-
type occurs that can be mapped to the left or the right
end of the X chromosome (Ahmed and Hodgkin 2000;
Meier et al. 2006). To determine if the chromosome fu-
sions visible in late-generation hpr-17 mutant lines were
end-to-end fusions, late-generation hpr-17 hermaphrodites
were crossed with wild-type males and F1 cross-progeny
were identified that displayed a dominant chromosome
loss phenotype. Two independent X–autosome fusions
were isolated from hpr-17 mutants in this manner, both
of which displayed breakpoints that mapped to the right
end of the X chromosome (data not shown). In addi-
tion, the hpr-17 cosuppression lines ypEx3 and ypEx4 be-
came progressively sterile and displayed chromosome
fusions, as observed by DAPI staining (data not shown).
Confirmation of the presence of end-to-end chromosome
Figure 2.—hpr-17(tm1579) is defec-
tive for apoptosis and cell cycle arrest
in response to DNA damage. (A) mrt-
2(e2663) and hpr-17(tm1579) mutants
do not display an apoptotic response
to IR. Each bar represents the average
number of corpses counted for 20 germ-
line arms 6SD. For analysis, L4 larvae
were irradiated (120 Gy) and stained
24 hr post-IR with Acridine Orange
(Molecular Probes, Eugene, OR) as de-
scribed (Gartner et al. 2004). Corpses
were counted using a green fluorescent
protein filter set at 403 magnification.
(B) Levels of cell cycle arrest response
are shown, as determined by comparing
the number of mitotic cells in a germline arm with or without genotoxic stress (25 mm HU, solid bar, or 100 Gy IR, shaded bar).
For all strains, the average based on four independent experiments 6 SD is shown. IR and HU assays were based on previous
experiments (Ahmed et al. 2001). Late L4 larvae were picked and either irradiated (100 Gy) or placed on NGM plates containing
hydroxyurea (25 mm). After 14 hr of HU treatment or 12 hr post-IR, animals were stained with 49,6-diamidino-2-phenylindole
(DAPI) (Molecular Probes) as described (Ahmed and Hodgkin 2000). All mitotic cells from the distal tip to the transition zone
of the germline were counted using a Nikon E800 fluorescence microscope at 1003 magnification, using a DAPI filter set.
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fusions was obtained by isolating an X–autosome chro-
mosome fusion from ypEx4, whose X-linked fusion
breakpoint mapped to the right end of the X chro-
mosome (data not shown).
The above results indicate that strains deficient for
hpr-17 become progressively sterile as a consequence of
end-to-end chromosome fusions, which can result from
progressive telomere erosion, as observed in C. elegans
mutants deficient for telomerase-mediated telomere
replication (Meier et al. 2006). Southern blotting re-
vealed that hpr-17 mutants displayed progressive telo-
mere shortening (Figure 3B). Previously, the mrt-2 9-1-1
complex subunit was shown to act in the same telomere
replication pathway as trt-1, the telomerase reverse tran-
scriptase, as double mutants displayed the same rate of
telomere shortening (Meier et al. 2006). To show that
hpr-17 acts in the same pathway as trt-1 and the 9-1-1
complex subunits mrt-2 and hus-1, double mutants were
constructed, and DNA was prepared from both single
and double mutants that were propagated for multiple
generations (n . 4 independent strains for each geno-
type). Southern blot analysis of hpr-17, mrt-2, or hus-1
single mutants revealed rates of telomere shortening
similar to those of trt-1 (P . 0.3) (Figure 3, B and C).
Additionally, double mutants of hpr-17 with mrt-2, hus-1,
or trt-1 displayed rates of telomere shortening that were
not significantly different from those of the single mu-
tants (P . 0.6) (Figure 3, B and C). Thus, hpr-17 acts
in the same pathway as mrt-2 and hus-1 with respect to
telomerase-mediated telomere elongation.
Studies in yeast, nematodes, and humans suggest that
the 9-1-1 complex and Rad17 may play a variable role at
chromosome ends. Yeast 9-1-1 complex and Rad17 mu-
tants display short telomeres, indicating that telomerase
is functional but may be impaired (Dahlen et al. 1998;
Longhese et al. 2000; Nakamura et al. 2002). In con-
trast, C. elegans 9-1-1 complex and hpr-17 mutants display
progressive telomere shortening phenotypes that result
in sterility, suggesting a complete loss of telomerase ac-
tivity in these mutants (Figure 3) (Ahmed and Hodgkin
2000; Hofmann et al. 2002). Furthermore, our genetic
studies indicated that hpr-17 acts in the same telomere
maintenance pathway as both the 9-1-1 complex and
telomerase in vivo (Figure 3). In agreement with our ge-
netic evidence, biochemical analysis from mammalian
cells has shown that members of the 9-1-1 complex and
RAD17 can bind telomeric DNA and facilitate in vitro
telomerase activity (Francia et al. 2006; Verdun and
Karlseder 2006). However, deficiency for the mam-
malian RAD17 and the 9-1-1 complex subunits causes
immediate and severe rather than progressive effects
on telomere length, suggesting that it may play an
Figure 3.—hpr-17 is required for telomerase-mediated telo-
mere repeat addition. (A) Oocyte nuclei from DAPI-stained
adult hermaphrodites. Wild-type N2 Bristol strain displays
six bivalent chromosomes (enclosed with a dashed line)
whereas hpr-17(tm1579), trt-1(ok410), and mrt-2(e2663) mutants
display chromosome fusions as a result of telomere dysfunc-
tion. (B) Progressive telomere shortening was observed for
successive generations of trt-1(ok410), hpr-17(tm1579), mrt-
2(e2663), or hus-1(op244)1 single mutants and the indicated
double mutants. Southern blot analysis was performed using
a (TTAGGC)n probe as described (Ahmed and Hodgkin
2000). Marker positions (kilobases) are shown to the left of
the blot. To construct the trt-1(ok410);hpr-17(tm1579) double
mutants, standard genetic crosses were conducted utilizing
visible markers adjacent to or flanking each gene: rol-
6(e187),unc-52(e444) for hpr-17(tm1579) and unc-29(e193) for
trt-1(ok410). Visible markers were selected against and the gen-
otypes of all homozygous double-mutant lines were con-
firmed via PCR. (C) Telomere shortening rates. Changes in
telomere length were calculated for multiple telomeres per
strain. Average rates of telomere shortening per generation
are shown (6SD).
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additional role at mammalian telomeres (Francia et al.
2006; Verdun and Karlseder 2006). Metaphase spreads
of both human and mouse cells lacking RAD9, RAD1, or
HUS1 display increased levels of chromosome abnor-
malities such as chromatid breaks, aneuploidy, dicen-
trics, and telomere loss, and multiple abnormalities are
observed within a single cell (Weiss et al. 2000; Bao et al.
2004; Pandita et al. 2006). Thus, the chromosomal dys-
function observed in mammalian cells deficient for
the 9-1-1 complex or RAD17 may produce indirect ef-
fects on telomere stability, perhaps as a consequence
of recruitment of DNA damage response proteins that
facilitate telomere capping to unrepaired sites of endog-
enous DNA damage (d’Adda di Fagagna et al. 2004).
Alternatively, the mammalian 9-1-1 complex may play
an additional telomerase-independent function in telo-
mere length homeostasis. We conclude that the 9-1-1
complex and its RFC clamp loader, Rad17, are likely to
play a conserved essential role in facilitating telome-
rase activity in multicellular organisms, which may be
masked as a consequence of neofunctionalization in
mammals.
The DNA damage response phenotypes of yeast, nem-
atodes, and mammalian cells deficient for the 9-1-1 com-
plex and Rad17 suggest that they may be recruited to
chromosome ends as a consequence of a telomeric
structure that resembles damaged DNA. Given that mrt-2
is defective for repair of IR-induced double-strand breaks
(Clejan et al. 2006), telomeric termini may trigger a
double-strand break DNA damage response via hpr-17
and the 9-1-1 complex when they unfold during S phase.
This hypothesis is supported by the localization of other
double-strand break repair proteins such as Ku and the
MRN complex to telomeres (Song et al. 2000; Zhu et al.
2000; Bertuch and Lundblad 2003). Further, the ab-
sence of TRF2 results in unprotected telomeres that
trigger a DNA damage response via ATM, a double-strand
break sensing kinase (Karlseder et al. 2004; Celli and de
Lange 2005). However, C. elegans mrt-2, hus-1, and hpr-17
mutants are also defective in initiating cell cycle arrest
in response to HU (Figure 2), which results in stalled
replication forks. The replication of highly repetitive
telomeric DNA sequences may yield slipped DNA struc-
tures that cause replication fork arrest, which may
be sufficient to recruit the 9-1-1 complex to telomeres
during S phase (Fouche et al. 2006). Evidence for this
hypothesis in mammalian cells shows that ATR, which
responds primarily to replication-associated repair, is
recruited to telomeric DNA in late S phase where it
phosphorylates RAD17 (Verdun and Karlseder 2006).
It is also possible that the unraveling of chromatin or
telomere-binding proteins at the T-loop, which resem-
bles a recombination intermediate, might be sufficient
to trigger a DNA damage response. In this context,
deficiency for the 9-1-1 complex subunit mrt-2 has been
shown to result in aberrant homologous recombination
events (Harris et al. 2006). In addition, mrt-2 suppresses
chromosome rearrangements that flank G-rich DNA
tracts, which may resemble the G-rich strand of telo-
meric DNA in their ability to form noncanonical G
quadruplex structures (Harris et al. 2006). Once bound
to telomeric DNA, the 9-1-1 complex may facilitate the
recruitment of telomerase to chromosome ends, per-
haps by modulating processing of the chromosome
terminus or by acting to tether telomerase during telo-
mere repeat addition (Francia et al. 2006; Verdun and
Karlseder 2006), as might be expected for a protein
complex homologous to the PCNA polymerase clamp.
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